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Exotic spin textures viz. chiral domain wall, vortices, skyrmion, skyrmionium, etc. have recently
emerged as active field of research because of their potential applications in high density data storage
technology and logic gate computing. Magnetic skyrmionium is a skyrmion like soliton, which
carries zero topological quantum number. Skyrmioniums are superior to conventional skyrmions in
ferromagnets due to their negligible skyrmion hall effect and higher velocity. The physical properties
of both skyrmion and skyrmionium have been investigated rigorously in ferromagnetic systems.
Recent observations hint that such chiral spin structures in antiferromagnetic (AFM) systems are
more promising in comparison to the ferromagnetic ones because of their robustness towards external
perturbation, absence of Skyrmion hall effect, etc. However skyrmionium in AFM materials are not
reported in literature so far. In this work, we demonstrate that skyrmionium can be created and
stabilized in AFM materials by application of spin polarized current in an experimentally feasible
geometry. We have further studied the dynamics of AFM skyrmionium by applying spin polarized
current.
I. INTRODUCTION
Ever increasing demand of device miniaturization and
low power consumption has led to shift in research in-
terest from conventional storage technology towards low
dimensional magnetic solitons, viz. chiral domain wall
[1, 2], magnetic vortices [3, 4], skrymions [5], etc. Mag-
netic skyrmions are twisted spin texture characterized by
topological skyrmion number Q [6], which are protected
from the external perturbations. It has been observed
that skyrmion propagation in a magnetic nanotrack re-
quires lower current density in comparison to the domain
walls [6]. The topological property of magnetic skyrmion
(Skyrmion number, Q = 1 or -1) leads to the skyrmion
hall effect (SkHE) [7, 8]. Due to such SkHE in ferromag-
netic (FM) systems, skyrmions are deflected towards the
edge of the racetrack memory when driven by spin polar-
ized current. This poses a limitation in desired logic op-
erations. However, recent literature reports another new
class of magnetic soliton; FM Skyrmionium [9–11] which
are also topologically protected similar to the skyrmions.
A skyrmionium is composed of 2 skyrmions: one in-
side another with opposite chirality and hence Q = 0.
This results in minimization of SkHE. Figure S1 (a) and
(b) show the schematic representation for skyrmion and
skyrmionium in FM systems. Orange and green dots rep-
resent the two distinct spin configurations aligned along
+zˆ and −zˆ directions, respectively. Micromagnetically
it has been observed that the velocity of skyrmionium is
higher than that of the skyrmions [12]. Only a few works
have been reported so far in stabilization, manipulation,
and propagation of skyrmioniums in ferromagnetic sys-
tems [13, 14].
On the other hand, the existence of antiferromagnetic
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(AFM) skyrmions has been predicted theoretically [15–
17] and studied using micromagnetic simulations [18, 19].
AFM skyrmions (Figure S1(c)) are another class of topo-
logical spin texture with Q = 0 where the neighboring
spins are antiparallely coupled to each other. Literature
reveal that the AFM skyrmions can be propelled as a
promising candidate over the FM ones due to its ultra-
fast dynamics, zero skyrmion hall effect, etc [20, 21]. On
the other hand skyrmionium in AFM systems is another
member in the skyrmion family (see Figure S1(d)) which
is neither observed experimentally nor investigated mi-
cromagnetically. Understanding the know-how of such
skyrmionium in AFMs will enrich the skyrmion physics.
In this paper, using micromagnetic simulation we have
demonstrated that skyrmionium in AFM systems can be
stabilized within a range of interfacial Dzyaloshinskii-
Moriya Interaction (iDMI) [22, 23] and perpendicu-
lar magnetic anisotropy (PMA). We term it as AFM-
skyrmionium which is stabilized from an AFM ground
state under the application of a perpendicular spin polar-
ized current. We further show that the structure and sta-
bility of the skyrmionium strongly depends on the shape
and size of the AFM nanoelement. We have also studied
the skyrmionium dynamics under different current den-
sities.
Here we have performed the three-dimensional (3D)
micromagnetic simulation by using Object-Oriented Mi-
cromagnetic Framework (OOMMF) software [24]. It
solves the time dependent Spin dynamics governed by
Landau-Lifshitz-Gilbert (LLG) equation:
d ~M
dt
= γ0 ~Heff × ~M + α
Ms
( ~M × d
~M
dt
) (1)
where ~M denotes the magnetization vector, Ms is the
saturation magnetization, t is the time, γ0 denotes the gy-
romagnetic ratio, α is the gilbert damping constant, and
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2~Heff is the effective magnetic field ( ~Heff =
−dHAFM
dM ).
~HAFM is the Hamiltonian of a AFM system, defined by:
HAFM = Jex
∑
<i,j>
~mi.~mj +
∑
<i,j>
D.(~mi × ~mj)
−K
∑
i
(mzi )
2 (2)
where mi =
M
Ms
is the normalized magnetization
vector. The first term of equation (2) represents the
strength of AFM interaction between two neighboring
spins, where Jex is the AFM exchange constant (Jex >
0). The second term in the Hamiltonian represents the
strength of iDMI. The last term represents the anisotropy
energy associated to such system..
II. METHODOLOGY
When a spin-polarized current is applied into an anti-
ferromagnetic layer, the dynamics of the magnetization
is governed by extended LLG equation (3, 4), which in-
cludes an additional contribution [25, 26] of spin hall ef-
fect (SHE) and spin transfer torque (STT) to equation
(1).
When a vertical current density (J) is applied to the
AFM layer the micromagnetism is governed by the below
equation
d ~M
dt
= γ0 ~Heff × ~M + α
Ms
( ~M × d
~M
dt
)+
u
aMs
( ~M × pˆ× ~M)
(3)
where, u(= JθSHµBg2eMs ) lies along the direction of elec-
tron (e) motion, pˆ stands for the polarization direction
of the current, θSH is the spin Hall angle, and g is the
Lande’ g-factor. In our work we have taken pˆ = +zˆ for
the nucleation of AFM-skyrmionium. After the nucle-
ation the skyrmionium can be propagated in the nan-
otrack by applying a current either in out-of-plane or in-
plane direction. If one defines the current density for the
skyrmionium motion to be Jm, then two cases may be
considered: (Case I) Jm = +zˆ for ; (Case II) Jm = +xˆ.
For case I we considered the pˆ to be along the yˆ direction.
Then the micromagnetism can be explained by equation
3. However for case II where the Jm = +xˆ, the micro-
magnetism of the skyrmionium can be explained by the
following equation [27].
d ~M
dt
= γ0 ~Heff × ~M + α
Ms
( ~M × d
~M
dt
)
+
u
M2s
( ~M × ∂
~M
∂x
× ~M)− βu
Ms
( ~M × ∂
~M
∂x
) (4)
where, β is the Slonczewski-like STT coefficient denot-
ing the strength of the non-adiabatic STT.
The micromagnetic simulations presented in this work
have been performed using a set of the OOMMF extensi-
ble solver (OXS) in the 3D layout of OOMMF [24]. The
simulations are performed on a 0.5 nm thick KMnF3 G-
type antiferromagnetic thin film of area 100 nm× 100
nm. IDMI [28] and spin polarized currents [29] have
been incorporated using different oxs extension modules
of OOMMF. The parameters considered in the simula-
tions are obtained from reference [30]: Ms = 0.376× 106
Am−1, exchange stiffness constant A = −6.59 × 10−12
Jm−1, θSH = 0.07. The PMA constant (K) and iDMI
constant (D) have been varied in the range of (0.03-
0.33)×106 Jm−3 and (0.9-2.1) mJm−2, respectively. It
should be noted that, the simulations presented here do
not include any periodic boundary condition (PBC).
III. RESULTS AND DISCUSSION
An AFM ground state (see figure S2(a)) consist of
two sub-lattices where the spins are aligned antiparal-
lel to each other. To nucleate the skyrmionium we have
considered a square element having the length of 100
nm with AFM ground state. Then a current density
of J = 40 × 1012Am−2 in case I geometry is applied for
3.48 ps in a disc shaped region of diameter d=25 nm
at the centre of the square nanoelement (see supplemen-
tary figure S2(b)). As soon as the current is applied,
the spins start flipping at the injected region (see figure
S2(c)) to minimize the energy of the system for the total
duration of the pulse. Once the current pulse is stopped,
the spin configuration starts relaxing (see figure S2(d))
and reaches a stable ground state configuration (Figure
S2(e)). We observe that this stable ground state is a
novel chiral spin structure which is similar to the Neel
skyrmionium [9] reported for FM systems. Hence we call
this new spin configuration as AFM-skyrmionium.
The stability of a skyrmionium in an AFM ground
state has been investigated in a 100 nm × 100 nm square
sample of thickness of 0.5 nm. Figure 1 shows the phase
diagram of different magnetic states (skyrmion, skyrmio-
nium, skyrmionium with edge effect, skyrmionium with
edge repulsion and skyrmion with edge effect) evolved
from the AFM ground state under the applied current
density of J = 40 × 1012Am−2 for 3.48 ps. Here the
strength of D and K have been varied over a wide ex-
perimentally feasible range of (0.9 − 2.1)mJm−2 and
(0.03− 0.33)× 106Jm−3, respectively. In figure 1 we de-
fine the skyrmion, skyrmion with edge effects, skyrmio-
nium, skyrmionium with edge effect and skyrmionium
with edge repulsion states by red circle, black square,
green triangle, magenta diamond , and blue star shape,
respectively. The structure of the different magnetization
states are also depicted in this figure.
It is understood that D helps in stabilizing the
skyrmionium as well also determines the size of it. Fur-
ther we observe that for obtaining a stable AFM skyrmio-
nium the lower bound of D value is 1.0 mJm−2 . Simu-
3FIG. 1. Phase diagram showing the ground state spin structures in AFM systems for a range of D and K. Various spin textures
i.e. skyrmion, skyrmion with edge effects, skyrmionium, skyrmionium with edge effect, and skyrmionium with edge repulsion
states are represented by red circle, black square, green triangle, magenta diamond, and blue star shape, respectively, The
radius of the spin textures are normalized and corresponds to the size of individual structures. The blank data points represent
the ground state of the antiferromagnets.
lations reveal that, for higher value of D in the range of
1< D <1.6 mJm−2, skyrmionium can be stabilized in a
larger range of K. We observe that stable skyrmionium
configurations occur for a narrower range of D in com-
parison to that of the skyrmions. However for D >1.8
mJm−2 , the edge/finite size effects dominate and the
shape of the skyrmionium gets distorted. Under such
edge effect, we obtained two different structure of the
skyrmioniums defined as skyrmionium with edge effect
and edge repulsion states. We have further simulated
the ground states by considering even higher values of D
(3 < D < 8) mJm−2 and K (0.1 < K < 0.8 )×106Jm−3
to understand their role in tuning the exact features of
the edge effects. The ground states of such structures
are shown in supplementary figure S3. We note that the
feature size of the spin textures decreases forming maze
like magnetic configurations with enhancement of D.
Further, it is known that the shape of the magnetic
nanoelement/nanotrack plays an important role in deter-
mining the final magnetic configurations of such spin tex-
tures [31]. To understand the effect of the shape on the
AFM skyrmionium, we have simulated the ground states
for a few other trivial structures viz. circle and triangle.
To elucidate the complete spectrum, we have also varied
the values of D and K in the range where stable skyrmio-
nium ground states are observed for the square shaped
elements. Figure 2 shows the comparison between the
ground states in square, circular, and triangular shaped
nanoelements for various combinations of D and K. We
observe that the formation of skyrmionium occurs only
for D = (1.2-1.4) mJm−2 and K =0.1 ×106Jm−3 in
case of the circular nanoelements. Other combinations
of D and K lead to occurrence of skyrmion rather than
the skyrmionium. Additionally, we did not obtain any
skyrmionium in the triangular nanoelements for various
values of D and K considered in this paper. Hence, it
can be concluded that in addition to the combination of
D and K, the shape of the nanoelements also plays a
pivotal role in stabilization of the AFM-skyrmionium.
The nucleation of AFM-skyrmioniums has been
4FIG. 2. Ground state spin configurations at various D
(mJm−2) and K ( ×106Jm−3) for square, circular, and tri-
angular shaped AFM nanoelements.
achieved by applying a spin polarized current in the
+Zˆ direction. However, to study the dynamics of such
skyrmionium we have applied a spin polarized current
along +Zˆ (Case I) and +Xˆ (Case II) directions. For this
study a rectangular nanoelement (similar to nanowire)
having a length of 300 nm and width of 100 nm has been
considered. Here we have taken the values of D, K and
β to be 1.08 mJm−2, 0.116 ×106Jm−3, and 0.02, respec-
tively. We have also made simulations keeping the same
values of D, K, and β to nucleate AFM skyrmions by
applying J for a little more duration (4.2 ps) and the
diameter of the contact pad was 20 nm. We also stud-
ied the AFM skyrmion dynamics to compare with the
AFM-skyrmionium behavior.
Figure 3 (a) and (b) shows the velocity for both
the AFM skyrmion (blue circles) and skyrmionium (red
squares) where the spin polarized current is applied in
the configuration defined by case I and II, respectively.
The velocity is calculated by measuring the displacement
of the centre of the skyrmion/skyrmionium in +X di-
rection with respect to the duration of the applied spin
polarized current. In case I the velocity of the skyrmion
and skyrmionium remains comparable at the low current
density regime (< 2 × 1010 Am−2). However, the ve-
locity of the skyrmionium decreases as the current den-
sity is further enhanced. It should be noted that this
behavior is in contrary to what has been observed for
FIG. 3. Velocity of the AFM skyrmion (blue circles) and
AFM-skyrmionium (red squares) at D = 1.08 mJ/m2 and
K = 0.116 ×106J/m3 where the spin polarized currents are
applied in (a) case I and (b) case II. Shape of both skyrmion
and skyrmionium at different current densities are shown in
(a). The red vertical lines represent the error bar in velocity
which arises due to the distortion (∆x) in the shape of the
skyrmionium.
the FM systems where the velocity of the skyrmionium
is higher than that of the skyrmion [12]. The skHE in
the FM skyrmionium is significantly lower than that of
the skyrmion. However, in the AFM case the skHE for
both skyrmion and skyrmionium is zero. Nevertheless in
AFM-skyrmionium the higher magnetostatic energy hin-
ders the fast movement. This may be the possible reason
behind the occurrence of such velocity behavior in the
AFM case. The red vertical lines represent the error bar
in velocity which arises due to the distortion (∆x) in the
shape of the skyrmionium.
On the other hand the velocities of both skyrmion and
skyrmionium in AFM are exactly same in the whole range
of applied current for case II (figure 3(b)). Comparison
of the velocity plot for both the cases reveals that low
threshold current density is required for skyrmionium
5FIG. 4. Velocity of the AFM skyrmionium as a function of D
with constant current density of 1× 1010Am−2 in case I
propagation in the geometry defined by case I. There-
fore the case I geometry is more power efficient for device
applications.
Further, we have investigated the velocity of the
skyrmionium as a function of D with a fixed current den-
sity of 1 × 1010Am−2 for case I geometry. The velocity
as a function of D is plotted in figure 4. It is observed
that the velocity increases from 388 m/s to 450 m/s with
increasing D from 1.04− 1.17 mJm−2.
IV. CONCLUSION
For the first time, we have shown the possibility of sta-
bilizing skyrmionium in antiferromagnetic systems by the
help of micromagnetic simulations. It has been observed
that the stability of such novel spin texture strongly de-
pends on D, K, and shape of the magnetic nanoelements.
Extensive simulations confirm that there is a narrow
range of values of D and K for which stable skyrmionium
ground states arise. Propagation of the AFM skyrmion-
iums in rectangular nanotrack has been achieved by ap-
plying spin polarized currents. We also show that the
velocities of the skyrmionium and skyrmion are compa-
rable to each other Further, we confirm that the threshold
current density required to drive the skyrmioniums is less
for case I compared to case II. The phase map for various
magnetic configurations and their dynamics presented in
this paper can be utilized as a guide map to design ex-
perimental systems for skyrmion as well as skyrmionium
based future spintronics and logic applications.
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